Introduction 74
Sulphobutyl ether β-cyclodextrin (SBECD) is one of a class of polyanionic, 75 hydrophilic water soluble cyclodextrin derivatives. The parent β-cyclodextrin can 76 form an inclusion complex with certain active pharmaceutical ingredients (API) with 77 two benefits, the apparent aqueous solubility of the API increases and, if labile 78 functional groups are included, chemical stability is improved. However, the parent β-79 cyclodextrin suffers from two problems, including lower aqueous solubility and 80 nephrotoxicity when given via injection, e.g. the intravenous route. Derivatisation of 81 β-cyclodextrin (and its variants α and γ-cyclodextrin) has been shown to be 82 beneficial with respect to both of these two defects. The first derivatised cyclodextrin 83 was the hydroxypropyl derivative, which was later followed by sulphobutyl ether (see 84 Figure 1 ). These two derivatised cyclodextrins are the most commercially significant. 60 °C with a hotplate stirrer. The first pump ( Figure 2 ) was then used to deliver stock 134 β-CD solution into the CTR where the substitution reaction takes place via the three 135 way connector, while the second pump was used to deliver neat 1,4-butane sultone 136 also held at 60 °C through the three way connector. An internal vortex circulation 137 was generated with the continuous flowing reaction stream and the reaction 138 proceeded in a continuous manner, i.e. once the pumps started they were not 139 switched off until completion of the reaction. The crude product was harvested in a 140 20 ml sample bottle.
141
Analytical Methodology for the Analysis of High Substituted SBECD Species
142
High performance liquid chromatography with evaporative light scattering detection 143 (ELSD) was used for the separation of sulphobutylether β-cyclodextrin into its 144 substituted constituents in order to determine the average degree of substitution.
145
Identification of each substituted cyclodextrin was determined by comparing the 146 retention times with materials produced by the method of Shah (1) .
147
The chromatographic conditions are summarised as follows: The authors carefully studied the batch sulphoalkyl ether β-cyclodextrin production 153 method that was described by Shah et al (1) , and have then devised a Continuous method. Furthermore, it can be seen that material produced by the process 169 described in US 6,153,746 (1) has a range of substitution from 2 to 10, while material 170 produced in accordance with CTR processing has a range of substitution from 3 to 171 13. In addition the method does not produce any detectable di-substituted 172 sulphobutylether β-cyclodextrin and produces significant quantities of degree of 173 substitution of 11-13 not detected in the US 6,153,746 (1) material. The total amount of 1,4-butane sultone was reacted to the extent that less than 213 0.1% by weight, of unreacted cyclodextrin was left. The entire initial charge of 214 cyclodextrin is thus reacted by being partially substituted. Residual cyclodextrin 215 can be monitored throughout this initial phase, for example by HPLC as 216 described below, until a desired endpoint of less than 0.1%, of residual 217 cyclodextrin starting material, has been achieved. and pressures were used. The CTR process handles the β-cyclodextrin-sodium 235 hydroxide solutions and 1,4-butane sultone as an immiscible, two phase system. 236 We have calculated that Antle's conditions, on the other hand, seem to create the States Pharmacopoeia 35/National Formulary 30 (7) , in order to show the degree of 247 substitution. Mass spectroscopy was then carried out to show the absence of 248 unreacted β-CD and levels of 1, 4-butane sultone were analysed by gas 
280
To test this hypothesis further, we attempted to increase the ratio of sodium 281 hydroxide to β-cyclodextrin ratio as outlined in Table 2 . In a batch process, in excess of 10.
300
The process used to produce the material in Figure 4 requires 25% more sodium 301 hydroxide than the batch process with an increase in the molar ratio of 1,4-butane This method of carefully reacting sodium hydroxide with β-cyclodextrin to activate it 327 in advance of a two-phase continuous flow reaction seems to be the key to creating 328 a highly efficient reaction and a controllable average degree of substitution. The 329 activation process must be conducted at controlled temperature and for a specified 330 time after the β-cyclodextrin has dissolved in the aqueous sodium hydroxide solution.
331
The activation process has typically taken 30 minutes at this scale; the major 332 indicator of completion is the colour change which could be measured 333 colorimetrically but we have not verified this experimentally.
334
Initial pH control assures the reduction of certain by-products. It is noted that 335 acid is produced as a result of the sulphoalkylation and that the pH tends to 336 decrease as the reaction proceeds. The reaction must be maintained in basic 337 conditions because if the reaction medium is allowed to become too acidic the 338 reaction will stop and so it is important to maintain the pH of the reaction medium 339 at a level of at least 8 by adding aqueous hydroxide as needed. If the pH is 340 allowed to exceed pH 11, then the reaction starts to produce a high level of the Although the recommended method for determination of substitution SBECD species 352 is based on a capillary electrophoresis method (Figures 3 and 4) , it can be seen that 353 whilst a qualitative idea of the substitution pattern is possible, it is difficult to integrate 354 the areas under the peaks reliably due to the shifting baseline. It is also evident from 355 Figure 4 that peak resolution deteriorates with increasing substitution. Peaks appear 356 to merge after approximately 8 minutes resulting in an inability to quantify the pattern 357 of substitution. It was therefore concluded that it would not be possible to quantify the degree of substitution for the new CTR process using the USP35/NF30 capillary 359 electrophoresis method. 360 Alternative methods have been proposed for the analysis of cyclodextrin derivatives 361 using high performance liquid chromatography by Szeman (8) . This has been 362 recently applied to sulphobutylether β-cyclodextrin (9) . The method is based on a 363 specialized ion-exchange HPLC column, CD-Screen-DAP, using a bonded dimethyl 364 amino phenyl function to improve the selectivity of the analytical method. The 365 analysis of sulfobutyl ether-beta-cyclodextrin mixtures by ion-spray mass 366 spectrometry and liquid chromatography-ion-spray mass spectrometry has also been 367 reported by Grard et al (10) .
368
High performance liquid chromatography with evaporative light scattering detection 369 (ELSD) was used for the detection of the separation of sulphobutylether β-370 cyclodextrin into its substituted constituents in order to determine the average 371 degree of substitution. Identification of each substituted cyclodextrin was determined 372 by comparing the retention times of the standard, produced by the method described 373 in US 6,153,746 (1) , with that of a material produced using our CTR processing 374 method. A typical chromatogram for the standard material is given in Figure 5 : The chromatogram for the material corresponding to CTR processing with ratios of 389 1,4-butane sultone to β-cyclodextrin of 10:1 are shown in Figure 6 . Upon further examination of Figure 5 , it can be seen that material produced by the 400 process described in US 6,153,746 (1) has a range of substitution from 2 to 10. These data can be used to describe an 'Envelope of Substitution' which is used 421 as the basis of a specification element in USP30/NF30 (7) , where each IDSn 422 should fall within a Proven Acceptable Range.
423 Table 3 shows calculated data based on the chromatogram shown in Figure 6 .
424
This was processed using Equations 1-2 to give an Individual Degree of 425 Substitution (IDSn). The material described in Figure 6 has an average degree of substitution (ADS) of of commerce, if that is desired. Using an improved HPLC analytical method, we have 458 been able to validate these general observations. The technique has allowed us to 459 produce descriptive statistics for highly substituted materials. The composition, 460 produced by the CTR process, is novel in two respects: an unprecedented high 461 average degree of substitution and the existence of highly substituted species with 462 IDSn values higher than 10.
